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We show how the transverse t + t -  spin correlations can be used to 
measure the parity of the Higgs boson and hence to  distinguish a CP-even 
H  boson from CP-odd .4° in the future high energy accelerator experi­
ments. We investigate the subsequent decays of the into tt± Pt (pt ) and 
p± PT(pT). The prospects for the measurement of the Higgs boson parity 
with a mass of 120 GeV are quantified for the case of e+ e-  collisions of 
500 GeV center of mass energy. The Standard Model Higgsstrahlung pro­
duction process is used as an example.
PACS numbers: 14.60.Fg, 14.80.Bn, 14.80.Cp
1. In tro d u c tio n
In th e  S tan d ard  M odel (SM) of elem entary  partic le  in teractions, the  
breaking of electrow eak sym m etry  is achieved th rough  th e  Higgs m echa­
nism . T he sim plest realization  is provided by th e  in troduction  of a com plex 
Higgs doublet, which leads to  th e  presence of a n eu tra l C P-even Higgs bo­
son in th e  physical spec trum . A m ong th e  possible extensions of th e  SM, 
th e  M inim al Supersym m etric  S tan d ard  M odel (M SSM) has been considered 
m ost seriously. T he m inim al realization  of th e  Higgs m echanism  w ithin  
supersym m etric  extensions of th e  s tan d a rd  m odel requires th e  presence of 
two Higgs doublets a t low energies. A fter th e  Higgs m echanism  operates, 
five real fields rem ain, and th ere  should be  five spin zero Higgs fields, and
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th e  spec trum  includes also a pseudoscalar C P-odd  s ta te . T his non triv ia l as­
signm ent of th e  q u an tu m  num bers requires th e  investigation  of experim ental 
opportun ities  to  m easure th e  p arity  of th e  Higgs boson sta tes . T h e  inves­
tig a tio n  of th e  m echanism  of th e  electroweak sym m etry  breaking is one of 
th e  central ta sk  of a fu tu re  e+ e-  linear collider operating  a t center-of-m ass 
energies betw een 350 and 1000 GeV. T his accelerator will allow to  s tu d y  
com pletely and w ith  high accuracy also th e  profile of th e  Higgs sector.
T he problem  of th e  Higgs boson(s) p a rity  m easurem ent was approached 
in general form  qu ite  early  in Ref. [1,2] for Higgs decays in to  ferm ions and 
gauge boson pairs. I t has recently  been revived [3-9].
In th is  s tu d y  we investigate th e  case of a Higgs boson which is light 
enough th a t  th e  W +W ^  decay channel rem ains closed. T hen  th e  m ost 
prom ising decay channel of n eu tra l Higgs partic les is th e  bb channel, 
B R ( i i  —» bb) ~  90%. T his applies in th e  SM as well as in th e  m inim al 
supersym m etric  extension like MSSM [10]. However, due to  depolarization  
effects in th e  fragm entation  process, it is very difficult to  ex trac t inform a­
tion  on th e  b po larization  s ta te  [11]. A m uch cleaner channel, though  w ith 
b ranching ra tios suppressed by an  order of m agnitude, is th e  r + r -  m ode, 
B R ( i i  —» r + r - ) ~  9%. T h e  r + r -  channel is useful in th e  SM for Higgs 
m asses less th a n  ~  140 GeV. Up to  th is  m ass, th e  Higgs p artic le  is very 
narrow , r ( H )  < 10 MeV. In supersym m etric  theories, th e  r + r -  channel is 
useful over a m uch larger m ass range. T he m ain  p roduction  m echanism  of 
th e  SM Higgs boson in e+e~ collisions in th e  fu tu re  L inear Collider (LC) 
are th e  H iggsstrahlung process, e+e~ —» ZII  and  th e  W W  fusion process, 
e+e~ —» W *W *  —» 9eveH.  T h e  cross section for th e  H iggsstrahlung pro­
cess scales as ~  1/s  and dom inates a t low energies while th e  cross sec­
tion  for th e  W W  fusion process rises as ~  \og (s /m 2H) and  dom inates a t 
high energies [10]. At yfs =  500 GeV, th e  H iggsstrahlung and th e  W W  
fusion processes have approxim ately  th e  sam e cross section for 100 GeV 
< m H < 200 GeV.
In our analysis, we will take as an  exam ple th e  e+e~ —» Z II:  Z  —» 
H  —» r + r -  p roduction  process. We discuss a m ethod  for th e  parity  
m easurem ent of th e  Higgs boson w ith  a m ass of 120 GeV for th e  case of e+ e-  
collisions w ith  yfs  =  500 GeV using H /A °  —» r + r - ; —» tt± 9t (vt ) and
—» p± 9T(vT)\ p± —» H± 7r° decay chains. All th e  M onte C arlo sam ples have 
been generated  w ith  th e  TAUOLA lib rary  [12-14]. For th e  p roduction  of th e  r  
lep ton  pairs th e  M onte C arlo program  PYTHIA 6 .1  is used [15]. T he effects 
of in itia l s ta te  b rem sstrah lung  were included in th e  PYTHIA generation. For 
th e  r  lep ton  pair decay w ith  full spin effects included in th e  H  —» r + r - ;
—» tt± 9t (vt ) and —» p± 9T(vT)] p^  —» 7r± 7r° chains, th e  interface 
explained in Refs. [16,17] was used. It is an  ex tended  version of th e  s tan d ard  
universal in terface of Refs. [18,19].
T he rest of th e  p ap er is organized as follows. In Section 2 th e  theoretical 
considerations used to  u n d erstan d  th e  decay chain of th e  Higgs p artic le  are 
explained. In Section 3 and 4 we define th e  observables we use to  d istinguish  
betw een th e  scalar and  pseudoscalar Higgs boson in th e  r 9  —» 7r± i>T(uT) and 
r 9  —» p± 9T(uT) decays, respectively. In these sections we list our assum p­
tions on de tec to r effects and th e  im posed cu ts as well as th e  m ain  num erical 
resu lts. A sum m ary  closes th e  paper.
2. H iggs boso n  p a r ity
T he I I f  A p a rity  inform ation m ust be ex trac ted  from  th e  correlations be­
tween r + and  t -  spin com ponents which are fu rth e r reflected in correlations 
betw een th e  r  decay p ro d u c ts  in th e  p lane transverse to  th e  r + r -  axes. T his 
is because th e  decay probability , see e.g. Ref. [8 ],
F ( H / A °  —> r + r - ) ~  1 — S | |+ S|| i  s / + Sj_ ( 1 )
is sensitive to  th e  r 9  po larization  vectors sT and  sT+ (defined in their 
respective rest fram es, th e  z-axis is oriented in th e  r -  flight direction). 
T h e  sym bols ||/_L denote com ponents p ara lle l/tran sv erse  to  th e  Higgs boson 
m om entum  as seen from  th e  respective r 9  rest fram es. T his suggests th a t  
th e  experim entally  clean r + r -  final s ta te  m ay be th e  p roper in stru m en t to  
s tu d y  th e  p arity  of th e  Higgs boson.
Now, a few represen ta tive exam ples of th e  r  lepton decay will be dis­
cussed in m ore detail. In particu la r, we analyze th e  r  decay into one and 
two pions.
3. H iggs C P  from  t 4” -+  decay
Exploring transverse spin correlations in th e  Higgs boson decay
H /A °  —» t + t - ; r 9  —» 7r± i>T(uT) one can provide a m odel independent parity
determ ina tion  tes t. T he m ethod  relies on th e  properties of th e  Higgs boson 
Yukawa coupling to  th e  r  lepton, which in th e  general case can be w ritten
as f ( a T +  ibTj 3)T. T he m ethod  does no t depend  on th e  Higgs boson pro­
duction  m echanism  a t all. Even though  th e  r 9  —» 7r± i>T(uT) decay m ode is 
rare, B R ( r  —» 7ruT) ~  11%, it m ay serve as a sim ple exam ple th a t  illustra tes 
th e  basic principles.
T he spin of th e  r 9  leptons is no t d irectly  observable b u t tran sla te s  di­
rectly  in to  correlations am ong th e ir decay p roducts . To d em o n stra te  th is 
we define th e  po lar angles betw een th e  îr9  and  th e  r -  d irection  in th e  r 9  
rest fram es by 9± and th e  relative azim uthal angle <f>* betw een th e  decay 
planes. T he angular correlation betw een r + r -  decay p ro d u c ts  m ay th en  be
1 d r ( H /A °  —> 7r+ i>T7r- uT) 1 r i . i .
T .¡cosO+dcost)-#- = 87 I1 + ™ r  ™ 6 ^ sm6 s m ™ * ] ' 
(2)
A sim ple asym m etry  in th e  azim uthal angle th a t  p ro jec ts ou t th e  parity  
of th e  partic le  can be derived [1,3] by in teg ra ting  ou t th e  po lar angles
1 d r ( H /A ° )  _  1 [. Tr2
r  dcf>* 2ir 1 T  7 7 7  cos 4>* 16 (3 )
A useful observable sensitive to  th e  p arity  of th e  decaying Higgs partic le  is 
th e  angle S betw een th e  two charged pions in th e  Higgs boson rest fram e, 
i.e. the acollinearity angle [20]. T his delicate m easurem ent will require, 
however, th e  reconstruction  of th e  Higgs boson rest-fram e. It is generally 
accepted th a t  th e  M onte C arlo m ethod  is th e  only way to  es tim ate  w hether 
th e  m easurem ent can be realized in practice, and which features of th e  fu­
tu re  detection  set up  m ay tu rn  ou t to  be crucial. To enable such studies 
we have ex tended  th e  s tan d a rd  universal interface [18,19], of th e  TAUOLA 
r- le p to n  decay lib rary  [12-14], to  include th e  com plete spin effects for r  lep­
tons orig inating from  th e  spin zero partic le  [16,17]. T h e  in terface is expected  
to  work w ith  any M onte C arlo generato r providing Higgs boson production , 
and  subsequent decay in to  a pair of r  leptons.
Let us tu rn  to  th e  discussion of num erical resu lts. As an  exam ple we 
took  a Higgs boson of 120 GeV. Fig. 1 presents th e  d is trib u tio n  in th e  angle 
(j)* =  a rccos(n+ • n - ) where
Y  = p * V „  №\p% x p T
i.e. th e  acop lanaritv  angle. T hick  lines will denote pred ictions for th e  scalar
Higgs boson and th in  lines for th e  pseudoscalar one. T he d is trib u tio n  is
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indeed, as it should be, p roportional to  ~  1 7  ^  cos <f>* respectively for 
scalar and  pseudoscalar Higgs boson, see Eq. (3). In Fig. 2 we p lo t the  
d is trib u tio n  of th e  7r+ 7r-  acollinearity  angle (S*). T he difference betw een the  
case of a scalar and a pseudoscalar Higgs boson is clearly visible, especially 
for acollinearities close to  7r.
To te s t th e  feasibility of th e  m easurem ent, som e assum ptions ab o u t the  
d e tec to r effects have to  be  m ade. We include, as th e  m ost critica l for our dis­
cussion, effects due to  inaccuracies in th e  m easurem ents of th e  ^  m om enta. 
We assum e G aussian  spreads of th e  ‘m easu red ’ quan tities  w ith  respect to  
th e  generated  ones. For charged pion m om entum  we assum e a 0.1% spread 
on its  energy and direction.
Fig. 1. The 7r+ 7r-  acoplanarity distribution (angle <j>*) in the Higgs boson rest 
frame. The thick line denotes the case of the scalar Higgs boson and thin line the 
pseudoscalar one.
S’
Fig. 2. The 7T+7T-  acollinearity distribution (angle 6*) in the Higgs boson rest frame. 
Parts of the distribution close to  the end of the spectrum; 6* ~  n are shown. No 
smearing is done. The thick line denotes the case of the scalar Higgs boson and 
the thin line the pseudoscalar one.
If th e  in form ation on th e  beam  energies and  energies of all o ther observed 
partic les (high py  in itia l s ta te  b rem sstrah lung  photons, decay p ro d u c ts  of 
Z  etc.) are taken  into consideration th e  Higgs boson rest fram e can be 
reconstructed . We m ay define th e  “reconstructed” Higgs boson m om entum  
as th e  difference of th e  sum  of th e  beam  energies and  th e  m om enta of all 
visible partic les, th a t  is decay p ro d u c ts  of th e  Z  and  all rad ia tive  photons 
of | cos 0 1 <  0.98. In our s tu d y  we will m im ic in a very crude way the
beam strah lu n g  effects, assum ing only a flat spread  over th e  range of ±  5 GeV 
for th e  longitudinal com ponent of th e  Higgs boson m om entum  w ith  respect 
to  th e  generated  one1.
Fig. 3 shows us th e  d is trib u tio n  of th e  acollinearitv  angle (S*) build 
from  sm eared 7r± m om enta defined in th e  reconstructed  Higgs boson re s t­
fram e. T h e  difference betw een th e  scalar and th e  pseudoscalar Higgs bosons 
is only barely  visible. We have stud ied  several m echanism s of Higgs boson 
production , in all cases depletion of th e  acollinearitv  d is trib u tio n  sensitiv ity  
to  transverse  spin effect was qu ite  sim ilar. We can conclude th a t  our results 
are thus independen t from  th e  p roduction  m echanism .
S"
Fig. 3. The 7r+ 7r-  acollinearity distribution (angle 6*) in the reconstructed Higgs 
boson rest frame. All smearing is included. Parts of the distribution close to  the 
end of the spectrum; 6* ~  n are shown. The thick line denotes the case of the 
scalar Higgs boson and the thin line the pseudoscalar one.
T he beam strah lu n g  effect taken  into account in th e  reconstruction  of the  
Higgs boson four-m om entum  degraded th e  m ethod  of m easuring th e  Higgs 
boson p a rity  using th e  decay chain H  -4 t + t _ , r ± —> ir± i>T(i/T) in a decisive 
way. Therefore, th ere  is little  hope for th e  elegant m ethod  to  check th e  Higgs 
boson p a rity  using its  decay to  r ± —> ir± i>T(i/T), w hatever th e  lum inosity  
of th e  fu tu re  L inear Collider is assum ed, unless o ther, u n fo rtu n a te ly  less 
sensitive, to  spin, th a n  r ± —> 7r± ftT(i'T), decay m odes are used as well.
4 . H ig g s  C P  f ro m  - 4  p ^ v T( v T) d e c a y
T he discussion of th e  r  decay to  a two pion final s ta te  follows very m uch 
th e  sam e line. We m ay tre a t th e  hadron  system  as a single partic le  w ith 
definite spin and  m ass, m p =  \ f c [ l , or we m ay ex trac t add itional inform ation 
from  th e  ind ividual pion m om enta. T h e  first s tra teg y  leads to  a sim ple 
generalization of th e  single pion case. However, th e  effect is dim inished as
1 The typical spread for the  beam  energy in a linear collider is of the  order of a few 
percent [21].
com pared w ith  th e  r 9  decays to  single 7r± i>T(i*T). T his is because for the  
r 9  —» p± vT(vT) decay th e  angular correlation te rm  is reduced by th e  factor 
(m 2 — 2 Q2)2/ ( m 2 +  2Q 2 ) 2
1 d r ( H /A °  —> p+i>Tp ^ i /T) 
r  d cos 0+d cos O^def)*
T h e m ass of th e  hadronic system , Q2, can no longer be  neglected relative to
ml  [22].
Let us tu rn  to  th e  case when add itional in form ation com ing from  p 9  
decay p ro d u c ts  can be used d irectly  [17]. T he r 9  —» /A i+ Q t)  decay is 
very in teresting  because it has, by far, th e  largest b ranching ra tio , B R (r  —» 
pvT) ~  25%. T h e  po larim etric  force of th is channel can be im proved if 
in form ation on th e  p decay p roducts, i.e. on details of th e  decay r 9  —» 
7 is used. T his is of no surprise because th e  po larim etric  vector 
is given by th e  form ula
where N  is a norm alization  function, q is th e  difference of th e  i r 9  and 7r° 
four-m om enta and  N  is th e  four-m om entum  of th e  r  neu trino  (all defined 
in th e  r  rest fram e) see, e.g. [1 2 ]. Obviously, any control on th e  vector q can 
be  advantageous. It is of in terest to  no te  th a t  in th e  r  lep ton  rest fram e, 
when m %± =  m f o is assum ed, th e  term
Thus, to  exploit th is  p a r t of th e  po larim etric  vector, we need to  have some 
handle on th e  difference of th e  i r 9  and 7r° energies in th e ir respective r 9  
leptons rest fram es. O therw ise, th e  effect of th is  p a r t of th e  po larim etric  
vector cancels ou t and  one is left w ith  th e  p a r t p roportional to  th e  p (equiv­
alently  vT) m om entum .
Let us now discuss a new observable which we have in troduced  to  d istin ­
guish betw een th e  scalar and th e  pseudoscalar Higgs boson. We advocate the  
observable w here we ignore th e  p a r t of th e  po larim etric  vector p roportional 
to  th e  p± (equivalently vT) m om entum  in th e  r  rest fram e. We rely only 
on th e  p a r t of th e  vector due to  th e  differences of th e  i r 9  and 7r° m om enta, 
which m anifests th e  spin s ta te  of th e  p9 . In th e  Higgs boson rest fram e 
th e  p m om entum  represents a larger fraction  of th e  Higgs’s energy th an  the  
neutrino . Therefore, we abandon th e  reconstruction  of th e  Higgs boson rest
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(6 )
q • N  = (En± — E %o)mT . (7 )
fram e and  in stead  we use th e  p+p~~ rest fram e which has th e  advantage th a t 
it is bu ilt only from  d irectly  visible decay p ro d u c ts  of th e  p+ and p~~. In the  
rest fram e of th e  p + p -  system  we define th e  aeop lanaritv  angle, p* , betw een 
th e  two planes spanned  by th e  im m ediate  decay p ro d u c ts  (the  ^  and  7r°) 
of th e  two p ’s, see Fig. 4.
Fig. 4. Definition of the p+p decay products’ acoplanarity distribution angle, p* 
in the rest frame of the p+p~ pair.
(p (f
Fig. 5. The p+p~ decay products’ acoplanarity distribution angle, p* , in the rest 
frame of the p+p~ pair. A cut on the differences of the 7t° energies defined in 
their respective r 1*1 rest frames to bc of the same sign, selection y ,y2 > 0 , is used 
in the left plot and the opposite sign, selection y,y2 < 0 , is used for the right plot. 
No smearing is done. Thick lines denote the case of the scalar Higgs boson and 
thin lines the psoudoscalar one.
T he variable p* alone does not d istinguish  th e  scalar and psuedosealar 
Higgs boson. To do th is  we m ust go fu rth er. T he r ± —» 7r± 7r°i>T(i/T) spin
sensitiv ity  is p roportional to  th e  energy difference of th e  charged and  neu tra l 
pion (in th e  r  rest fram e), see form ula (7). We have to  sep ara te  events into 
two zones, C  and D ,
c  : y m  > 0 ,
D : yiy2 < 0 ,
where
E t
E t
-E/o
-E/o
EL -E/o (8)
E %± and E %o are th e  energies in th e  respective T+ rest fram es.
In Fig. 5 we p lo t th e  d is trib u tio n  of ip*, w here th e  left-hand  p lo t contains 
th e  events w here th e  energy difference betw een th e  ir+ and 7r° defined in the  
r + rest fram e is of th e  sam e sign as th e  energy difference of 7r-  and 7r° defined 
in t -  rest fram e (selection y iy 2 >  0). T he righ t-hand  p lo t contains the  
events w ith  th e  opposite signs for th e  two energy differences (selection y iy 2 <  
0). It can be seen th a t  th e  differences betw een th e  scalar and pseudoscalar 
Higgs boson are large. If th e  energy difference cu t was no t applied, we would 
have com pletely lost sensitiv ity  to  th e  Higgs boson parity.
U nfortunately , since th e  r- le p to n  is no t m easurable, such a selection cu t 
cannot be used directly. We reconstruct th e  r  lep ton  rest fram es, and  we 
assum e G aussian  spreads of th e  ‘m easu red ’ quan tities  w ith  respect to  the  
generated  ones. For charged pion m om entum  we assum e a 0.1% spread 
on its  energy and direction. For n eu tra l pion m om entum  we assum e an 
energy spread  of 7 ^  v j • F °r th e  9 and <f> angular spread  we assum e |  .
T hese n eu tra l pion resolutions can be  achieved w ith  a 15% energy error 
and  a 27t/1800 d irection  error in th e  gam m as resu lting  from  th e  7r° decays. 
T hese resolutions have been approxim ately  verified w ith  a SIMDET [23], a 
p a ram etric  M onte C arlo program  for a TESLA  detec to r [24]. In Ref. [17] the  
m ethod  of reconstruction  of replacem ent t 2*2 lep ton  rest fram es was proposed. 
We will use th is  m ethod  here as well. We boost th e  ir+, ir°, « , i r °  m om enta 
to  th e  respective replacem ent t 2*2 lep ton  rest fram es. T h e  A  energies defined 
th is  way are used in th e  yi  and  y2 energy difference cuts.
W hen we use th e  selection cu ts yi  and y2 and  th e  replacem ent T+ rest 
fram es as well as sm earing th e  A  and 7r° m om enta, we ob ta in  th e  results 
shown in Fig. 6 . We see th a t  th e  effects to  be m easured dim inish b u t rem ain 
clearly visible.
Fig. 6 . The p+p-  decay products’ acoplanarity distribution angle, +*, in the rest 
frame of the p+ p-  pair. A cut on the differences of the ¿r1*1 7r° energies defined 
in their respective replacement rest frames to  be of the same sign, selection 
J/iJ/2 > 0 , is used in the left plot and the opposite sign, selection ypy2 < 0 , is used 
for the right plot. All smearing is included. Thick lines denote the case of the 
scalar Higgs boson and thin lines the pseudoscalar one.
S u m m ary
We have stud ied  th e  possib ility  of d istinguishing a scalar from  a pseu­
doscalar couplings of light Higgs boson to  ferm ions using its  decay to  a 
pair of t + t -  leptons and  th e ir subsequent decays to  —» 7r± FT(uT) and
—> p± FT(vT)\ p± —> 7r± 7r°.
T he b eam strah lung  effect in reconstruction  of th e  Higgs boson four- 
m om entum  degraded th e  m ethod  of m easuring th e  Higgs boson p a rity  using 
th e  decay chain H  —» r + r - , —» 7r± i>T(vT) in a decisive way. Therefore,
th ere  is little  hope for th e  elegant m ethod  to  check Higgs boson p a rity  using 
its  decay to  —» 7r± i>T(vT), w hatever th e  lum inosity  of th e  fu tu re  L inear
Collider is assum ed.
For —» p± 9T(vT) decay, we have discussed an observable which is very
prom ising. Using reasonable assum ptions ab o u t th e  SM production  cross 
section and ab o u t th e  m easurem ent resolutions we find th a t  w ith  500 fb - 1  
of lum inosity  a t a 500 GeV e+ e-  linear collider th e  C P  of a 120 GeV Higgs 
boson can be  m easured to  a confidence level g reater th an  95%. We em phasize 
th a t  th e  technique is b o th  m odel independen t and independen t of th e  Higgs 
boson p roduction  m echanism  and depends only on good m easurem ents of 
th e  Higgs boson decay p roducts . T hus, th is  m ethod  m ay be  applicable to  
o ther p roduction  m odes including those available a t p ro ton  colliders as well 
as a t electron colliders.
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M arek Jeżabek  for giving m e th e  o p p o rtu n ity  to  give th is ta lk  a t th e  C ra­
cow E piphany  C onference on Heavy Flavors. T his work is p a rtly  supported  
by th e  Polish S ta te  C om m ittee for Scientific Research (KBN) g ran ts  Nos 
5P03B09320, 2P03B00122.
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